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A validation of parallel TURBO, an unsteady RANS turbomachinery solver, is performed for
Rotor 35. Comparisons of the rotor’s operational range for computational and experimental data
as well as comparisons of its spanwise performance characteristics for a single blade passage
provide depth to the validation and show a very favorable agreement. Further operational and
performance comparisons against experiment are used for multiple blade passage simulations.
Multiple blade passage simulations are shown to demonstrate noticable gains over the single
blade passage simulation in solution accuracy against experiment. Also demonstrated are the
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passages. These single and multiple blade passage simulations re presented as groundwork
for future research examining the effect of periodic boundary conditions on the growth of
computational stall cells within a rotor or stage configuration.
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D block diagonal matrix
e total energy per unit volume
f, g, h inviscid flux vectors in Cartesian coordinates
fv, gv, hv viscous flux vectors in Cartesian coordinates
F,G,H inviscid flux vectors in curvilinear coordinates
Fv , Gv,Hv viscous flux vectors in curvilinear coordinates










L lower block triangular matrix
p pressure
q conservative variable vector in Cartesian coordinates
qx, qy, qz heat flux terms
Q conservative variable vector in curvilinear coordinates
S body force term
t time
u, v,w absolute flow velocity in Cartesian coordinates
U upper block triangular matrix
x, y, z Cartesian coordinates
γ ratio of specific heatsCp/Cv
δ delta; increment
ρ density
τij component of shear stress tensor in Cartesian coordinates
with i, j ∈ {x, y, z}
viii
ξ, η, ζ curvilinear coordinates
Ω rotational speed
Subscripts:
i, j, k generic indices
x, y, z partial differentiation












The desire to better understand the unsteady flow phenomena that occur in turbomachinery
has long been a hotbed of research activity. Of the unsteady flow phenomena that plague
turbomachinery performance, the fluid flow mechanisms present b fore and during stall remain
the least understood. The ability to identify and work on preventing these flow mechanisms
relies largely on researchers’ ability to reproduce them, whether it be experimentally or
computationally, and have confidence in their results. Experimentally, several factors make
capturing meaningful data during stall difficult, if not impossible. High costs incurred for rig
operation, the flow complexity, and the limitations of measurement locations inhibit researchers’
ability to gather data that provides a true representation of stall. Computationally, the only
way to know if the flow characteristics of stall have been captured accurately is through the
rigorous validation of a proven turbomachinery code for a rotor at critical, and experimentally
documented, stages of operation.
The main focus of this study is to validate the code parallel TURBO for a well known rotor
blade, Rotor 35. The secondary area of focus is to see if the use of multiple blade passages
improves the solution comparison to experiment at the pre-stall operating condition.
The rotor blade used in this study is from an axial flow NASA transonic research compressor
designated as Rotor 35 (R35). It has been used solely as an experimental rotor over the course
of the past twenty years and thus has never been used as part ofa commercial engine. One of the
primary reasons that R35 was chosen involved the relativelylarge amount of experimental data




Two previous studies exist in which some validations of TURBO were performed for a
similar rotor, R37. Another study was also performed which validated TURBO for various
prop-fan cases in support of the simulation of rotor stall for a similar rotor, R67. The first study
involved the validation of serial TURBO’s use of a rotating frame against theoretical and fixed
frame solutions [1] on a coarse grid (132 x 51 x 21). This comparison was not as good as the
present studies comparisons which used a finer grid for each bl de passage (171 x 71 x 51). The
second study involved the comparison of parallel TURBO’s blade wake interaction solutions of
the Rotor 35-Stator 37 stage against LDV data and solutions fr m the RANS code APNASA [2].
The third study involved the validation of parallel TURBO ona unducted SR7 prop-fan and
a GE unducted counter-rotating prop-fan for a single and a double blade passage configuration
respectively [3].
The first study, performed by Chen et al. [1], looked at how modifying a fixed frame
turbomachinery code to a rotating frame code could allow isolated rotors to be viewed as a
steady-state problem. Because of the rotating frame, grid motion could be frozen, enabling
the use of multigrid techniques and local time stepping to accelerate solution convergence.
This approach was found to introduce substantial savings incomputational time for most
turbomachinery applications.
The second study, performed by Van Zante et al. [2], focused on examining the loss
generation found in rotor-stator passages due to blade wakeinteractions. Solutions from
unsteady parallel TURBO were found to compare favorably against LDV and previous
calculations from the steady code APNASA.
In the study performed by Shyam [3], validations of both prop-fans were successful
with parallel TURBO. In addition, Shyam also was able to use parallel TURBO to simulate
compressor rotor stall in a full annulus configuration of R67. Artificial perturbations were
produced within the flow via inlet distortion to induce rotorstall within the R67 annulus.
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1.3 Research Objectives
As mentioned in the introduction, validation of parallel TURBO for the R35 against
experimental LDV data at peak efficiency and near stall operating conditions was the primary
goal of this study. A secondary goal was to examine the effects of multiple blade passage
solutions on the fidelity of the solutions when compared to experiment. It was hypothesized
that as the number of blade passages increases for a solution, the accuracy would also increase
due to a reduced effect from the periodic boundary conditions.
There were a few key objectives to providing a conclusive andaccurate validation of TURBO
and to examining the relationship between number of blade passages and solution accuracy.
Those key objectives are outlined below:
1. Single rotor blade passage comparison against LDV data
• Speedline comparison (Pressure Ratio vs. Mass Flow Rate)
• Spanwise performance comparison of temperature ratio, pressu ratio, adiabatic
efficiency, and flow angle at peak efficiency
• Spanwise performance comparison of temperature ratio, pressu ratio, adiabatic
efficiency, and flow angle at near stall
2. Four rotor blade passage (1/9 annulus) comparison against LDV data
• Speedline comparison (Pressure Ratio vs. Mass Flow Rate)
• Spanwise performance comparison of temperature ratio, pressu ratio, adiabatic
efficiency, and flow angle at near stall
3. Twelve rotor blade passage (1/3 annulus) comparison agaist LDV data
• Speedline comparison (Pressure Ratio vs. Mass Flow Rate)
• Spanwise performance comparison of temperature ratio, pressu ratio, adiabatic
efficiency, and flow angle at near stall
4
4. Provide a validation for TURBO which can be used as a base for future studies
In the above objectives, the blade passage comparisons wereexamined individually to see
how TURBO’s solutions compared to the LDV data. All blade passage cases were then compiled
together to determine whether an increase in the number of blade passages influenced the
accuracy of the solutions via the relief of the periodic boundary conditions. These compiled
results are presented at the end of this study.
CHAPTER II
COMPUTATIONAL STRATEGY
2.1 Governing Equations of Motion
For the parallel code TURBO, the unsteady Reynold-averagedNavier Stokes equations are
the governing equations. These equations of motion can be applied to either steady or unsteady
flows. However, of interest in this study is the validation ofthe code TURBO for the flow
characteristics of Rotor 35 (R35) at near stall conditions.With this in consideration, the unsteady
flow field effects will be of primary interest. The governing equations were cast by Chen [1] in a
rotating Cartesian reference frame, which rotates with theblade as thez andy axes rotate about





Figure 2.1: Rotating Cartesian reference frame
The conservative vector form of the equations of motion are fo mulated in terms of absolute
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ρ(u2 + v2 + w2)
The inviscid flux vectorsf , g, andh and the viscous flux vectorsfv, gv, andhv are defined
















































































































































































































Qx = uτxx + vτxy + wτxz − qx
Qy = uτyx + vτyy + wτyz − qy
Qz = uτzx + vτzy + wτzz − qz
7
The body force termS is formulated in terms of the constant rotational speedΩ. If the
equations of motion were set in a fixed frame,S would be zero. However, because the reference





































To make effective use of these governing equations for turbomachinery, where body-
conforming grids are used, they are transformed into curvilinear coordinates whereξ, η, and
ζ represent the streamwise, spanwise, and pitchwise directions respectively.
x = x(ξ, η, ζ)
y = y(ξ, η, ζ)
z = z(ξ, η, ζ)
The transformed equations below allow the equations to be solv d in computational space,










































































ρuK ′ + kxp
ρvK ′ + kyp
ρwK ′ + kzp


















































K = kxu + kyv + kzw
K ′ = kxu + ky(v − Ωz) + kz(w + Ωy) = kxu + kyv + kzw + kt
kt = −kyΩz + kzΩy
K̄ = F,G,H for k = ξ, η, andζ respectively.
It is important to note in the above formulation thatkt is not assumed to be the grid speed (a
common practice), but is evaluated analytically as a functio of the rotational speedΩ.
2.2 Numerical Implementation
2.2.1 TURBO
TURBO, a time-accurate implicit iterative finite volume solver with ak-ε turbulence model
is used in this study for unsteady simulations [5]. Thek-ε turbulence model, was developed
by Zhu and Shi [6] as part of a NASA/CMOTT turbulence module. Spatial discretization is
characteristics-based. Temporal discretization can be upto third order and is based on a general
formula developed by Warming and Beam [7] that was modified byJanus to account for variable
volume and Newton’s subiteration [8]. For the purposes of this study, second order temporal and
third order spatial discretizations are used.
Within the implicit solver at each iteration are two subiterations. An approximate Newton
iteration makes up the first subiteration and a symmetric Gauss-Seidel relaxation scheme is
contained within the second. The first subiteration solves th system of nonlinear equations
9
derived from the discretization of the governing equations. The second layer then solves the
system of linear equations that come from the first layer, theNewton subiteration,k [9] [10].
The linear system solved is the following:




whereL, D, andU are the lower block triangular matrix, block diagonal matrix, and upper
triangular matrix respectively. The change in conservative variables in between Newton
subiterations is tracked by∆qk−1. The residual, which for this solver is the sum of the flux
balance and body forces, is accounted for inRk−1.
2.2.2 GUMBO
GUMBO, Graphical Unstructured Multi-Block Omnitool, is anintegrated system composed
of specialized libraries and a graphical user interface which provides grid manipulation and
decomposition tools for solver setup [11][12]. GUMBO was originally developed to meet the
demand for a tool which could provide a straight forward and easy way to specify boundary
conditions and connectivity as well as a way to keep track of that data automatically. The original
version of GUMBO is specifically linked to the parallel UNCLEcode [11][12]. For this study,
a slightly modified version of GUMBO was incorporated that was designed specifically for use
with parallel TURBO.
Transformation, repartitioning, indexing, and quality asse sment operations were just some
of the grid tools provided, and used for this study within GUMBO. Integral to GUMBO’s
usefulness for all blade passage case grids was its ability to keep track of boundary conditions
and connectivity as the blade passage grids were rotated andsplit for parallelization. This kept
the preprocessing time necessary for getting grids ready for running in parallel TURBO to a
minimum.
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2.3 Rotor Grid Construction
In this study, Rotor 35 (R35) was modeled with a relatively fine H-grid totaling
approximately 619,000 grid points (I=171, J=71, K=51). Themodel conformed to the traditional
computational definition of a blade passage, which is the area between two adjacent blades.




Figure 2.2: Boundaries and Blocks of an H-grid for the Rotor 35 Blade Passage
Figure 2.3 shows two of the above blade passages so that the radial cross-section of the blade
and the grid are seen at 92% span. This same spanwise locationis used for all subsequent flow
field images used within this study.
The passage inlet and exit plane locations of the H-grid weres t at stations 1 and 4
respectively as defined by the ASME Turbomachinery Committee Handbook (Figure 2.4).
Since these stations are the defined standards in the turbomachinery industry for experimental
measurements, they were used for the inlet and exit plane locations of the grid for ease of
comparison. Their physical location was specified relativeto the leading edge of the rotor at
the hub (defined by the Handbook as the constant axial position of Z=0). These constant axial
11
Figure 2.3: Radial Cross-Section of Two Blade Passages at 92% Span
locations were Z=-4.19 cm (Station 1) and Z=10.668 cm (Station 4). The axial chord length of
the rotor blade, 4.12 cm, was also specified at the hub relativto the Z=0 location.
Grid construction was performed at NASA Glenn Research Center by Dale Van Zante and
was based on his study of the effectiveness of different tip grid topologies [13]. Van Zante
reported after extensive analysis, that gridding the tip garegion had negligible effects on
solution fidelity. Thus, the topology chosen treats the tip ga as a non-gridded region where
the area from blade tip to shroud was built by extending the grid from below the blade tip while
keeping it the same thickness as the blade [13]. Grid cells inthis region maintain a size ratio
of 1.0 across the tip into the gap and cluster as they approachthe shroud. A configuration such
as this treats the tip region simply as an inviscid region where no changes take place in mass,
momentum, or energy and the boundaries are periodic [14].
12
Figure 2.4: Reporting Stations as Defined by the ASME Turbomachinery Committee
2.3.1 Multiple Blade Passage Grids
Construction of the twelve and four blade passage grids was arelatively simple process. The
single passage grid and a relatively steady state solution had to be rotated about the z-directional
axis eleven and three times respectively at 10 degree increments. GUMBO [11][12] was used
for these rotations. GUMBO was also used for all necessary boundary condition modifications
after the rotations were performed.
2.4 Boundary Conditions
2.4.1 Single Blade Passage Case
The single passage grid was generated by Dale Van Zante of NASA Glenn Research Center
in an APNASA vstage format. In this format, the boundary conditions were applied in GUMBO
in the manner described in the following sections. Note thatboundary conditions are set within
GUMBO on the computational faces which are referred to by their computational minimums and
13
maximums in the i, j, and k directions (example: IMIN, IMAX, JMIN, JMAX, KMIN, KMAX).
These connotations will be used in the sections below.
2.4.1.1 Periodic Boundaries
Periodic boundary conditions played a crucial role in the TURBO validation studies for the
R35. Depending on whether it was the single or multiple bladepassage case determined how
periodic boundary conditions were applied.
The periodic boundary conditions in existence on the original one-block grid were on the
KMIN and KMAX faces as well as in the tip gap region. On the KMINand KMAX faces, the
periodic boundaries extended from the inlet plane to the leading edge of the blade and from
the trailing edge of the blade to the exit plane. In the gridless tip region, periodic boundary
conditions were used as an approximation to the flow [15].
2.4.1.2 In-Flow, Out-Flow, and Solid Surface Boundaries
The remaining boundaries for the grid consisted of the inletand exit plane boundaries as well
as all solid surface boundaries. The inlet, or In-Flow, boundaries were designated as isentropic
boundaries since the isentropic inlet boundary condition is the only inlet bc available in TURBO
in which the mass flow rate can be adjusted based on the prescrib d back pressure [5]. The
exit, or Out-Flow, boundaries used a radial equilibrium exit flow where the static pressure was
defined at the hub. A no-slip boundary condition was applied to all solid surface boundaries
[5]. All JMIN (hub) and JMAX (casing) faces were considered to be solid surface as well as the
regions on the KMIN (pressure side) and KMAX (suction side) faces occupied by the surface of
the blade.
2.4.2 Multiple Passage Cases
Boundary conditions for the multiple blade passage cases were largely identical to the single
passage case with the exception of the periodic boundaries.
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2.4.2.1 Periodic Boundaries
A primary reason for multiple blade passage simulations wasto examine how relieving the
interior blade passages of the periodic boundary conditionw uld affect the overall flow field.
It was thought that if the effect of periodic boundary conditions were reduced by removing the
periodic boundaries to just the outermost K boundaries, small perturbations in the flow field
normally suppressed by the periodic boundary conditions might evolve into larger disturbances.
Thus, for the four blade passage case, the KMIN face of the first pa sage and the KMAX face
of the fourth passage were made periodic boundaries. The samw s done for the twelve blade
passage case with the KMIN face of the first passage and the KMAX face of the twelfth. The
KMIN and KMAX faces of the passages in between were linked with block-to-block interfaces
for both the four and twelve blade passage simulations. The tip gap region was also considered




Validation of any CFD code is a multi-step process designed to build several levels of
confidence in the code results. Confidence in a CFD code’s solutions is necessary if it is to be
used for any type of real world design or prediction analysis. For TURBO, validation involved
the comparison with experimental results of various performance data throughout the operating
conditions for simulations of Rotor 35 (R35). Of particularinterest was the comparison of
data at the operating conditions of near peak efficiency and near stall. With the confidence
built from these results, the next step was to see if and/or what asymmetric flow features would
develop as the number of blade passages was increased. In addition to building confidence in the
computational results for single blade passage simulations, it was hoped that this study would
provide a basis for further research in the development of pre-stall asymmetric flow mechanisms
for multiple blade passages. Future research could hopefully prove that the periodic boundary
conditions necessary for a single blade passage simulationconstrain the computational stall
cells to grow at integer multiples of a frequency characterized by the applied periodicity. The
following sections outline the experimental setup, simulations conducted, comparisons of the
computational data with experimental, and the impact of these comparisons on the validation of
TURBO.
3.1.1 Experiment
LDV data were acquired from the 36 blade R35 in the NASA Glenn si gle-stage axial-flow
compressor facility. Since this is a single-stage facility, a rotor-only configuration was used to
accurately get experimental measurements for R35 alone[14]. In this rotor-only configuration
the R35, with a design speed of 17,194 rpm and aspect ratio of 1.19, was run at 80% design
15
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speed due to rotor/stator matching requirements for a follow-up stage investigation [14]. Data
capture for the 80% design speed at peak efficiency occurred at a tip speed of 363 m/s and a total
pressure ratio of 1.44.
Performance measurements were obtained by using standard static pressure and total
pressure/temperature probes in upstream and downstream locations from the rotor. Mass-
averaging and energy-averaging were performed on the raw data to obtain the total temperature
and total pressure respectively across the annulus. The absolute values of the measurement
uncertainties are presented in Table 3.1.1. These uncertainties will be used as error bounds for
all spanwise comparisons seen within this study.
Table 3.1: Measurement Uncertainties for Rotor 35
Measurement ParameterUncertainty Margin
Mass Flow Rate (kg/s) +/- 0.3
Flow Angle (degrees) +/- 0.5
Total Pressure (Pa) +/- 100
Total Temperature (K) +/- 0.6
Adiabatic Efficiency +/- 0.2
3.1.2 Simulation Setup
Each simulation required the set up of defined flow types at theinlet and outlet of the modeled
passage before it could be run and data post-processing could begin. At the passage inlet,
simulations used an isentropic subsonic inflow in which the radial profile of the total pressure
and total temperature were held constant. At the passage exit, the static pressure at the hub (the
back pressure) was slowly raised to decrease the mass flow rate th ough the passage. Once a
simulation was complete the results were processed so that the operating range, performance
characteristics, and flow field characteristics could be analyzed.
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3.1.3 Single Blade Passage Simulation
The single blade passage simulation was started with a low enugh back pressure (91.8 kPa)
to produce an operating point well before the choke condition for the passage. The back pressure
was then raised in increments until a converged mass flow ratew s achieved which compared
favorably with the experimental near peak efficiency mass flow rate (17.32 kg/s).
Once an agreeable comparison with the experimental peak efficiency data was made,
increases in back pressure continued with the next goal being a favorable comparison at near
stall. As the converged mass flow rates approached the experimental near stall mass flow rate, the
subsequent back pressures were increased more conservatively. This cautiousness in increasing
the back pressure was necessary due to the fact that the flow inthe rotor passage becomes
increasingly unsteady as it approaches stall. Too large of an increase can cause stall to occur
earlier than normal due to the sensitivity of the flow to perturbations in this operating range. In
contrast, small increases towards the near stall back pressure tend to produce solutions that are
more stable and closer to experiment. Following these guidelines, the near stall back pressure
was reached at 111 kPa with a converged mass flow rate of 14.77 kg/s.
Figure 3.1 shows the converged total pressure ratio (total exit pressure/total inlet pressure)
and the converged mass flow rate for each back pressure (operating point) that was run from
the initial back pressure to the near stall back pressure forthe single, four, and twelve blade
passage simulations. Note that the total exit pressure (PT4) and total inlet pressure (PT1) used
to calculate the total pressure ratio were obtained at stations 4 and 1 respectively as defined
by the ASME Turbomachinery Handbook earlier in Section 2.3.The plot shown in Figure
3.1, commonly called aspeedline, essentially shows how the operating ranges of the three
simulations compare to experiment [2] from peak efficiency to near-stall (Figure 3.1). Out of
the three simulations, the single blade passage case will bediscussed first. However, it should
be noted that an initial examination of the speedline shows all three simulations to compare very
favorably with experiment.
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Figure 3.1: Speedline for NASA Rotor 35
As can be seen in Figure 3.1, the experimental full stall point was projected to occur around
a converged mass flow rate of 14.05 kg/s. This point remains a projection since conclusive
experimental data still do not exist to support it.
3.1.3.1 Spanwise Comparisons
When validating results from a software code, it is important to look at the data obtained
from more than one angle. This is why it is important to not only examine the operating ranges
achieved by parallel TURBO’s simulations, but also the performance characteristics yielded
by these simulations. These spanwise performance characteristi s - total pressure ratio, total
temperature ratio, flow angle, and adiabatic efficiency - aremeasured at the exit plane and
indicate a few things about the simulations. At peak efficieny, the performance characteristics
for the single blade passage simulation can be used to see if parallel TURBO accurately models
the flow at a symmetric and undisturbed baseline operating point. At near stall, the performance
characteristics can be used to verify the data presented forthe simulation speedlines as well as
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show if parallel TURBO accurately models the flow once an asymmetric and turbulent operating
point has developed. In the case of multiple blade passages,which will be discussed in later
sections, these comparisons can also be used to show if improvements in modeling accuracy
over the single blade passage simulation have been gained. All of these comparisons, if favorable
with experiment, help provide greater depth and substance to the overall validation.
Before the performance characteristics are presented, it is important to understand how they
were obtained. For each simulation, parallel TURBO outputsa Plot3D grid and solution file
for each blade passage. These grid and solution files can be proc ssed by a program which
extracts the total temperature ratio, total pressure ratio, diabatic efficiency, and flow angle at
the exit plane as a function of the percent span of the blade. Of the data extracted at the exit
plane, the total pressure ratio and total temperature ratioare calculated by normalizing the exit
total pressure and exit total temperature by the inlet totalpressure and inlet total temperature
values respectively. Examining these performance characteristics plotted directly against the
experimental spanwise LDV data at peak efficiency, we can seethat the single blade passage
compares very closely to experiment (Figures 3.2, 3.3, 3.4,3.5). Examining the plots of spanwise
performance characteristics at near stall, the single blade passage continues to compare well
(Figures 3.9, 3.10, 3.11, 3.12). These near stall plots are presented in a later section since they
also show the comparison of the multiple blade passage simulations at near stall.
The only large difference between the single blade passage simulation and the experimental
data occurs in the tip gap region of the passage. In this outerregion of the span, the difficulty
of obtaining accurate experimental measurements in the area during rotor operation resulted in
data that were not reliable, which accounts for the difference [16].
3.1.3.2 Flow Field Visualizations
The development of the flow field as a simulation progresses from start-up to near stall
can provide further support to a validation. At low back pressures and operating points near
peak efficiency, the flow field should look symmetric across blade passages and relatively
unperturbed with little to no reverse flow. As the flow approaches near stall, the flow field in
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Figure 3.2: Spanwise Total Temperature Ratio at Near Peak Efficiency
a real world rotor test run will become asymmetric and somewhat c aotic across blade passages.
Perturbations from the variations in rotor construction and other factors are mostly responsible
for the asymmetric flow features and areas of reverse flow thatdevelop. The closer to near
stall, the larger the perturbations, and thus these areas ofreverse flow, become. Numerically
simulating the flow field of a rotor around near peak efficiencyis not difficult because of its
relative simplicity and symmetry. Simulating the flow field around near stall numerically can
be considerably more difficult. Because the numerical modeldo s not contain the imperfections
in the rotor blades and the variations in how they were machined, it is harder to simulate the
perturbations these features can cause without some artifici l means such as the inlet distortion
method used by Shyam [3].
To examine the flow field for the single blade passage simulation, snapshots of the flow
were taken at 1.5, 2.2, and 2.9 revolutions at 92% span for a back pressure of 111 kPa. These
snapshots of Entropy (Figure 3.6), Pressure (Figure 3.7), and Axial Velocity contours (Figure
3.8) show the flow field as the simulation leads up to the near stall operating point. As can be
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Figure 3.3: Spanwise Total Pressure Ratio at Near Peak Efficiency
Figure 3.4: Spanwise Adiabatic Efficiency at Near Peak Efficien y
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Figure 3.5: Spanwise Flow Angle at Near Peak Efficiency
seen in these figures, the flow fields are symmetric at near stall due to the enforced periodicity at
the boundaries.
3.1.4 Multiple Blade Passage Simulations
For the multiple blade passage simulation, it was expected that he speedline and
performance comparisons to experimental data would be improved over the single blade passage
due to the reduced effect of periodic boundary conditions onthe interior passages. It was also
expected that, with the periodic boundary conditions reduceffect, asymmetric, unsteady flow
would develop across multiple blade passages without the use of artificial perturbations. With
these interests in mind, simulations for both the four and twelve blade passage were run and
the resulting data processed in the same manner used for the singl blade passage. Of the two
multiple blade passage simulations performed, the four blade passage case will be presented
first, followed by the twelve blade passage case.
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3.1.4.1 Four Blade Passages
The four blade passage simulation was started at a back pressure of 104 kPa, then slowly
increased (in the same manner as the single blade passage simulation) until computational stall
was achieved at a back pressure of 111 kPa. Once these solution points were processed and
graphed against the previous speedline points mentioned (Figure 3.1), it could be seen how
much closer the four blade passage simulation was to the experimental data. Of special interest
was how closely the values of mass flow rate for stall comparedbetween the four blade passage
simulation and experiment, 14.85 kg/s and 14.87 kg/s respectively.
3.1.4.2 Twelve Blade Passage
The twelve blade passage simulation was started at a back pressure of 100 kPa, then ramped
up to computational stall in the same method used previouslyfor the single and four blade
passage cases. However, computational stall was achieved at a slightly lower back pressure
(110.8 kPa) resulting in a slightly higher mass flow rate result of 14.95 kg/s. Looking at the
speedline comparing the multiple and single blade passagesainst the experimental (Figure
3.1), it can be seen that as the number of blade passages increases, both the near-stall mass
flow rate and the total pressure ratio increased. This could possibly be due to an inter-linked
correlation between the relief of the periodic boundary condition and the build up of flow
instabilities.
3.1.4.3 Spanwise Comparisons
To properly compare the four and twelve blade passage simulations against the single, an
additional step was necessary. Each blade passage grid and solution file was processed by
the same program used previously to obtain the total temperatur ratio, total pressure ratio,
adiabatic efficiency, and flow angle as a function of the blade’s p rcent span. The performance
data for each blade passage were mathematically averaged sothat ne overall set of spanwise
performance data remained for each of the simulations. Thisdata for the multiple blade passage
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cases was plotted directly against the single and experimental spanwise data (obtained by LDV)
at near stall (Figures 3.9, 3.10, 3.11, 3.12).
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Figure 3.6: Single Blade Passage: Entropy Contours at Near Stall
Figure 3.7: Single Blade Passage: Pressure Contours at NearStall
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Figure 3.8: Single Blade Passage: Axial Velocity at Near Stall
Figure 3.9: Spanwise Total Temperature Ratio at Near Stall
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Figure 3.10: Spanwise Total Pressure Ratio at Near Stall
Figure 3.11: Spanwise Adiabatic Efficiency at Near Stall
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Figure 3.12: Spanwise Flow Angle at Near Stall
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As one can see in Figures 3.9, 3.10, 3.11, 3.12, the four and twelve blade passage cases
compare very well for all performance data against experiment. Note that they also noticeably
compare more favorably than the single blade passage solution against experiment. As with the
single blade passage simulation, the main difference between computational and experimental
data occurs in the tip gap region where the experimental datacannot be relied upon.
3.1.4.4 Flow Field Visualizations
One of the important differences between the flow fields for the single and multiple blade
passages involves the development of asymmetric flow featurs. Because of the periodic
boundary conditions applied on both sides of the blade passage for the single blade passage
case, it is not possible for asymmetric flow features to develop. Multiple blade passages, which
move the periodic boundary condition to just the outer most blade passages, do not have the
same restriction. For this reason, multiple blade passagesshould not only provide more accurate
results at near stall but they should also show those asymmetric flow features which could lead
to the development of stall cells within the blade passages.
Before examining the four and twelve blade passage simulations at near stall, it is important
to see that a multiple blade passage simulation at a lower, more stable back pressure exhibits
the symmetric flow features that are expected. Figures 3.13,. 4, and 3.15 show the twelve
blade passage simulation at 92% span and 0.66 revolutions for a back pressure of 100 kPa. From
passage to passage there is little variation in the flow mechanisms present.
For analysis of the flow fields at near stall, snapshots were again taken at 92% span at the
last stable operating condition for both multiple blade passage simulations. Those operating
conditions were at 111 and 110.8 kPa respectively for the four and twelve blade passage cases.
For the four blade passage case, snapshots were taken at 0.6,0.7, and 0.75 revolutions. For the
twelve blade passage case, snapshots were taken at 2.9 revolutions only. It is important to note
that because each of the three simulations reached near-stall at different times, these snapshots
are simply provided as a reference to how the flow field changesear stall. It is evident from
these flow fields, specifically the contour plots of entropy and xial velocity, that the flow has
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become asymmetric (Figures 3.19, 3.21). In the case of the axial velocity contour plots areas of
reverse flow and increasing stall cells can be seen. The largest evidence of this exist in the twelve
blade passage case, but it certainly is also present for the four blade passage case (Figures 3.16,
3.18).
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Figure 3.13: Twelve Blade Passages: Entropy Contours at 100kPa (0.66 Rev.)
32
Figure 3.14: Twelve Blade Passages: Pressure Contours at 100 kPa (0.66 Rev.)
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Figure 3.15: Twelve Blade Passages: Axial Velocity Contours at 100 kPa (0.66 Rev.)
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Figure 3.16: Four Blade Passage: Entropy Contours at Near Stall
Figure 3.17: Four Blade Passage: Pressure Contours at Near Stall
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Figure 3.18: Four Blade Passage: Axial Velocity Contours atNear Stall
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Figure 3.19: Twelve Blade Passages: Entropy Contours at Near Stall (2.9 Rev.)
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Figure 3.20: Twelve Blade Passages: Pressure Contours at Near Stall (2.9 Rev.)
38
Figure 3.21: Twelve Blade Passages: Axial Velocity Contours at Near Stall (2.9 Rev.)
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3.1.5 Conclusions
From the data gained through this study, parallel TURBO has been validated on several
levels. First and foremost, the operating range calculatedby parallel TURBO compared very
closely with experimental LDV data not only for the single blade passage simulation but for
the multiple blade passage simulations as well. An extension of these comparisons showed
that as the number of blade passages used in a simulation was increased so was the accuracy
of the comparison. In terms of performance, parallel TURBO was able to match experimental
spanwise performance data within a reasonable error toleranc . This helped demonstrate that
parallel TURBO was not only modeling the mass flow rates through the rotor correctly but that
it was also providing a very good model of other performance data that is important to the
design process. Last, through an examination of the flow fields generated by the multiple blade
passage simulations, it could be seen that parallel TURBO isnot only capable of simulating
the symmetric, steady operating conditions within a rotor,but is also capable of numerically
simulating the unsteady, asymmetric flow found near stall. Since this asymmetric flow in
experimental cases is typically due to perturbations caused by physical variations within the
model, the numerical simulation of these asymmetric flow features provides a good baseline for
future research in accurately modeling the characteristics of stall inception within a rotor or stage
combination.
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